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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
BEFORE THE TRADEMARK TRIAL AND APPEAL BOARD

NAC Harmonic Drive, Inc.,

)
Opposer, )
)
V. )
) Opposition No. 91190278
Harmonic Drive L.L.C, )
Applicant )
)

REPLY IN SUPPORT OF APPLICANT’S MOTION FOR SUMMARY JUDGMENT

I. Introduction

Applicant alleges three reasons of material fact which are at issue, and
therefore, implicitly agrees that all other material facts at issue are in
agreement. Opposer reiterates statements made in the motion and adds the

following in Response to rebut Applicant’s position.

II. TMEP § 14.09 Supports Opposer’s Position, Not Applicant’s

A. Summary of Facts

On page 3 of Applicant's Response, Applicant states that Walton Musser
coined the term "HARMONIC DRIVE" to refer to United Shoe Machinery's (USM)
products, USM being "a predecessor of Harmonic Drive Technologies." However,
on page 11, Applicant states regarding U.S. Registration No. 1,540,128,
"Opposer has neglected to acknowledge TMEP section 1402.09" permitting use
of one's own registered mark in a trademark application. This TMEP section

actually supports Opposer and Applicant has implicitly admitted that it has

used the mark in the generic sense for 18 years.



Opposer’s statement that “'[F]Jrom about 1988 until about 2005, two
entirely separate entities, Harmonic Drive Technologies and HD Systems, Inc.
advertised and sold ‘harmonic drive’ products” is uncontroverted and without
dispute. HD Systems, Inc. was formerly known as “Harmonic Drive Systems,
Inc.” in the United States and is still so known in Japan (see HD Systems, Inc.
brochure, Exhibit C). For ease of reference, the companies are referred to below

as follows:

Company A: HD Systems, Inc. (Japan/US-based, aka. Harmonic
Drive Systems, Inc.);

Company B: Harmonic Drive Technologies (US-owned); and

Company AB: Applicant, Harmonic Drive, LLC, comprising above

companies.

The '128 mark was filed by Company A in 1987, by yet, Company AB
(having the knowledge and history of both Company A and B) states clearly on
page 3 of it’s Response that it was Company B’s term for it’s products! The
subsequent merger into AB would not take place for another 18 years. Thus,
as the trademark records show and as Applicant has all but outright admitted,
Applicant (AB) has itself generically used the subject-mark for 18 years, as
evidenced by it’s own trademark application for Company A. Contrary to
Applicant’s seeming contention, the merger 18 years later does not retroactively

change 18 years of generic use by Applicant itself!

B. Applicant Should be Estopped from Now Arguing that “Harmonic
Drive” is Anything Other than Generic
TMEP section 14.09 further states:

If a trademark or a service mark that is registered to an entity
other than the applicant is used in the identification of goods or
services, the examining attorney should require that it be deleted
and that generic wording be substituted. (citing Camloc Fastener
Corp. v. Grant, 119 USPQ 264, 265 n.1 (TTAB 1958).)



It should be abundantly clear that Applicant, in its predecessor form
filed, received, and benefited from trademark protection for “harmonic drive”
goods. Again, Walt Musser’s company, USM and it’s successor, Company B,
did nothing to object while HD Systems, Inc., Company A, a competitor used
“harmonic drive” generically in it’s description of goods of their trademark, and
further used it as their company name. Now, this same competitor who called
itself by the generic name subject to this proceeding, and used the name
generically in it’s description of goods in it’s mark and literature in 1987 and
thereafter, has reversed course 180 degrees and is now alleging the mark it
registered wasn’t generic based on a merger 18 years after the fact. In
accordance with well settled precedent (see Speckman v. City of Indianapolis,
540 N.E.2d 1189, 1191 (Ind. 1989)) Applicant should be estopped from now
arguing contrary to its previous position and the position of the USPTO. The

Summary Judgment motion should be affirmed.

C. Applicant’s Other Marks

Applicant's ownership of other marks is not in dispute, and respectfully,
is of little relevance. Of the five marks cited, two are suspended and two are for
logo-type marks which have an entirely different commercial impression and
might still be eligible for registration registerable for other considerations,
though this is beyond the scope of the issues of the case. (See, for example
TMEP §1207.01, 1207.01(b) discussing overall commercial impression,

differences in sight, sound, and appearance, etc.)

II. Applicant’s Present Application for “Harmonic Drive” is Fraudulent
Still further, and based at least in part on Applicant’s admission in its
Response that it claims ownership to the ‘128 mark, and referring back to
Opposer’s pleading, Applicant’s filing is fraudulent. In Schwartz International
Textiles, Ltd. v. Federal Trade Com., 289 F.2d 664, 669, 129 USPQ 268, 260

(CCPA 1961), it was established that registration of a generic name when it is



known that others have rights to use the name is fraud. Even if Applicant's
merely legalistic argument regarding genus vs. species is viewed as a genuine
issue of material dispute (which Opposer will argue it is not), Applicant has put
on record that each of its two predecessor companies, that is, each of two
competitors, had rights to use this generic name. USM had rights, allegedly by
way of coining and being the first to use the term harmonic drive, and HD
Systems, Inc. by generic use thereof, as shown by registering a mark with
generic use of ‘harmonic drive’ in it’s list of goods. Opposer knows of no case
law where merger of competitors extinguishes or changes the generic nature of
a mark, and in fact, even Walt Musser’s company used the name generically in
the claims of its own patents (Exhibit P). Even if there were no others using
the mark generically (which, of course, there are, e.g., the United States Army,
see Exhibit Q), the mark is still generic and registration of the present mark
when others have rights to the name is fraud. Again, the Summary Judgment

motion should be affirmed for this reason alone.

III. There is No Material Dispute that “Harmonic Drive” is the Genus of
the Goods of the Application

Applicant’s argument that there is a material dispute with regards to a
harmonic drive being a species is disingenuous. As Applicant admits on page
3, Walton Musser invented strain wave gearing and coined the term "harmonic
drive" to “refer to USM’s products.” As indicated by Exhibit N attached hereto, a
true and accurate copy, obtained by the undersigned on the date written
thereon, of waltmusser.org operated by the Applicant, these “products” were
and are all strain wave gearing products. Applicant does not and cannot in
good faith argue that Opposer’s characterization of the strain wave gearing as a
“gear drive” is incorrect, and instead, attempts to rephrase the “question” as to
where Opposer’s analysis should have been. It is abundantly clear, based on
the evidence, that "harmonic drive" is a genus of each of the goods listed in
Applicant’s application. = There is no legitimate dispute of material fact

regarding this issue.



IV. Rebuttal to Objections of Introduction of Evidence

A. Voluminous Records

Opposer has attached partial trademark histories, a list of patents which
use the name “harmonic drive” as a generic name, excerpts from books, and
abstracts of journal articles and scientific publications. Applicant objects to
the introduction of this evidence. However, Fed. R. Evid. 1006 states that
entrance of such evidence in the form of “a chart, summary, or calculation” is
permissible. Further, at least the patents and trademark histories fall under
Fed. R. Evid. 803(8)(B) for "Records, reports, statements, or data compilations,
in any form, of public offices or agencies, setting forth . . . (B) matters observed
pursuant to duty imposed by law as to which matters there was a duty to

n

report . . ." Thus, the evidence submitted is permissible.

B. Samples of the More than 800 Patents Cited

Having stated the above, Applicant is attaching samples of patents to
further show that former and present owners of patents for “harmonic drives”
have used the name generically for the past S0 years. These include Exhibit O
- U.S. Patent 3,214,999 assigned to the U.S. Army, Exhibit P - U.S. Patent
6,026,711 assigned to Harmonic Drive Technologies, and Exhibit Q - U.S.
Patent 5,772,008. It is inescapable, based on the voluminous evidence that, in
fact, the USPTO, US Army, and hundreds of inventors, text book authors, and
vendors are not all engaging in misuse. Rather, the overwhelming evidence

points to the fact that "harmonic drive" is generic.

C. Evidence May be Authentic Per Se

Applicant has objected to almost all of Opposer’s evidence, by in large, on
grounds that it is not verified and makes no allegation of untruthfulness of any
of the evidence provided. Rather than delay this motion further, Opposer is
concurrently serving Requests for Admission on Applicant and also argues as

follows. Under the Federal Rules of Evidence, specifically, Fed. R. Evid 901(a),



authentication is shown by submitting “evidence sufficient to support a finding
that the matter in question is what its proponent claims.” Applicant’s
Response does not claim that any of Opposer’s evidence is not what it purports
to be, and therefore, Applicant’s objections in this regard should not be
sustained. See also Maljack Prods., Inc. v. GoodTimes Home Video Corp., 81
F.3d 881, 889 n.12 (9th Cir. 1996) (In summary judgment proceeding, “[t]he
district court did not err in considering the documents as indicators of MPI’s
motivation, however; MPI produced the documents to GoodTimes, many of the
documents were on MPI letterhead and MPI does not contest their

authenticity.”)

Further, Fed. R. Evid 901(b)(4) states, “[d]istinctive characteristics and
the like” such as “appearance, contents, substance, internal patterns, or other
distinctive characteristics, taken in conjunction with circumstances” is
sufficient. Chavez v. Thomas & Betts Corp. , 396 F.3d 1088, 1101 (10th Cir.
2005) held that even without any evidence of authentication, evidence with
distinctive characteristics was admissible. Thus, a screenshot of Applicant’s
website and copies of advertising material with distinctive features (name,
addresses, logo, etc.) of Applicant are clearly distinctive as being from
Applicant. So too are the textbooks with copyright page and excerpts, as are
trademark histories, screenshots of Encyclopedia Britannica articles and
others, as well as patents, trademark histories, textbooks with cover and
copyright page, etc, distinctive in appearance, contents, substances, and so
forth. Thus, the objections based on verification or authentication of Applicant
is unfounded according to Fed. R. Evid 901. In the alternative, the court may

take judicial notice of much of the evidence.

Finally, where Applicant argues that it is questionable whether certain
documents are obtainable in the United States, respectfully, such documents
were authenticated by the undersigned and the undersigned further declares

that he is in the United States.



CERTIFICATE OF SERVICE

I hereby certify that a true copy of the foregoing OPPOSER’S REPLY IN SUPPORT OF
MOTION FOR SUMMARY JUDGMENT was served this 22nd day of March 2010 by via
Federal Express, postage prepaid, on:

Bassam N. Ibrahim

S. Lloyd Smith

Attorneys for Applicant
Buchanan Ingersoll, P.C.
1737 King Street, Suite 500
Alexandria, VA 22313-1404
(703) 836-6620

%%

Michael J. Feigin, Esq.
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C. Walton Musser's Development of
Harmonic Drive Gearing

C. Walton Musser studied and researched non-rigid body mechanics using controlled deflection as
an operating medium. Thus, the basic principle of the Harmonic Drive was first announced in 1957.
Patent Number 2,906,143 which covers a " ... motion transmitting mechanism," listed the applicant
as C. W. Musser. This makes Walton Musser the inventor of Harmonic Drive wherein he developed
a new family of drive systems achieve high mechanical leverage by generating a traveling deflection
wave in a flexing spline element.
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Breakthrough in
mechanical drive design:

The Harmonic Drive

What it is . . .

A new class of constant-ratio me-
chanical drive systems for power
transmission, angular position-
ing, or motion conversion.

| T S N LN -

Fig. 1—Conversion of radial deflection 1o mangenrial
motion by leverage action within a rin Semiellip-
tical spring sections are pivor moun at inis A
and B, and arached by swinging shackies at € and D,
Outward radial deflection in regions 1 and 2 in-
Creased spring curvaiure in regions, and de-
creases curvature in regions 3 and 4. As & result of
tivis- radial deflectinn, shackles move tangentially,

How it works . . .

A continuous dellection wave
generated in a flexing spline ele-
ment achieves high mechanical
leverage between concentric parts,

ESIGN of most mechanical drive systems in

use today is based on the ser of “laws" col-

lectively defined as “rigid-body mechonics.”
Rotating clements are assumed to remain rigid and
to rotate clrcularly about Axed axes.

Departing radically from these traditional éon-
cepts, a new family of drive systems has recently
been developed. They use controlled elastic deflec-
tion of one or more parts for transmission, conver-
sion, or change of mechanical motion. Called Far-
monic Drive, these systems achieve high mechanical
leverage by penerating a waveling dellection wave
in a flexing spline element.

A simplified form of the principle of controlled
elastic deflection is illustrated in Fig. 1 where
semielliptical springs are the Mexible component.

Conversion of the simple spring-deflection system
into . continuous rotational machine Is shown in
Fig. 2. Here, two toothed rings are in partial mesh.
The rigid outer ring has internal spline tecth; the
thin, flexible inner ring, external spline teeth.

The third element in this rotary system is the
“wave generator” which rotates within the fHexible

Macitve Denen
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Fig. 2—Basic

3-element rotary dri tem using princi-
ﬂmﬂddeﬂuﬂoﬂ. In "Tmngfummt, which

lmlmu to the simple npcm:,; r,u

un;tn.ml m&ﬁb& lpﬂnt.

FJ;.I roa-
deflection and

- L ————

Baosic principle of the Hormonic Drive wos first announced
in 1957. However, details of the drive design and its devel-
opment have been kept under wraps. Up to now, the only
engineering information available has been thot contained
in the bosic patent which was filed over 5 years ago. Here,
for the first time, are the complete details of tha drive, its
operating principles, performance characteristics, design

What it can do . . .
Change speed with reduc-
tion rgfmu to 1 million:1 and

transmit mntmn through
sealed enclosures.

alternatives, and application possibilities,

C. W. MUSSER

Reszarch Adviser
Unitee Show Machinery Corp.
Boston, Maoss.

spline and deflects it slightly [rom its natural cireular
form inwo an elliptoidal shape. The wave generntor
develops the radial force and displacement illuswrated
in the system of Fig. .

With the vwo-lobe wave generator shown in Fig
2, the flexible spline meshes with the circular spline
at two diametrically opposite regions on the major
axizs of the elliptoid. Teeth of the two splines clear
at the minor axis.

Teeth on the flexible and circular splines are cut
to the same circular pitch. But the number of 1ceth
on the smaller flexible spline Is slightly less than
on the circular spline. To allow engagement ar two
diametricnlly  opposite reglons, the tooth arrange-
ment must be symmetrical. For 2 two-lobe sys-
wem having two regions of woth engagement, the
difference In number of teeth on the two splines
must be an integral multiple of the number of lobes;
that is, 2, 4, 6, ete. The piwch circle of the Aexible
spline is mude smaller than that of the circular spline
in proportion to the dilference in the numbers of
teeth

The regions of spline engagement in Fig, 2 ecor-

April 14, 1960

respond to the pivoted ends A and B of the semi-
elliptical springs in Fig. 1. The minor-axds regions of
spline disengagement correspond to the positions ol
the swinging shackles at polnts C and D. As the wave
generator s rotated clockwise toward the dotted posi-
tlon shown in Fig. 2, the flexible epline is deflected
progressively outward, causing continuous and greai-
ly reduced tangential motion of the flexible spline.
Motlon of the flexible spline is in a counterclock
wise direction for clockwise motion ol the wave gen-
erator. For-a full revolution of the wave generator,
the [exible spline will counter-rotate through an
angle propartional to the difference In the numbes
of teeth on the two splines,

The distinctive characteristles of this drive system

167
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can be seent from the slmgle model in Fip. 2 Flexible
and cireular splines are lully engoged a0 the major
uxis, ot move anguladly relative woene another m
il wther poinis, with maximnm relative  mogion
sreurring a1 the minor axis. 1 e wave gonersior
voentted] elockwelse gtoq oot angaloe veliaity,
P Nlevsilali '.|1||||| will wwinendess dodabe ol o a sk,
L i':ll-lll"r vealan oal, wvepangs |l|}.'.|l'1.ll' wi losiny I
hiieiiertstie v thee Jireas b bikgels peaboie pitinn e i
wnli s

Peeversibiliny of this drive sysiem ioalso appnnen
I the twe swinging shnckles ot putnis €2 and 1,
Fig. |, are displaced i the tongential direetions
shown, the springs will be dellected radinlly ws in-
dicated, Similarly, in the Harmumic: Drive, Fig. &
a small connterclockwise rotation of the llexible
spline will induce & magnificd clockwise rotation of
the wave generator. This charactoristic s the basis
e brigeh -rantli \I'u'l.'||-i||-;u.'|.\l-r wyslems

Spline Motion Relotirships: A better puetnre of

Crular salne, Eilt =plw
149 tuath A P

e

Freuple splng
130 teth,
W,

(CTLAREFT ST .

Full Lgsinga
Lonlgot

http:/ /www.waltmusser.org/HD.htm

i spgmen ity il 0o alvivee sdimients s prewidoed by
Fage 5 selaivhy shiiwes o work g demoneasation pndidl
Llere, the wave generoior s ellipteidal in shape and
is surrouneded by g ball bearing. The flexible spline
has 130 weoth and the circolar spline 132 weeth. The
wwo-tosth difference equals the number of lobes of
the wave generator,

As the wave generntor §s turned, the [lexible
spline i progressively delleeted 1o follow the rotar-
ing elliptoidal shape. Flexihle and cirenlar splines
e ledid B oempEnpement ot dhee pinjor asic Gl the
wionwer segprenatear, sl aeres Bl alisengagead sl o By
Biape o (i pimipser ziwis ""1:1|'.|"|“"’ whiwes liiw wim
e P T T t] LT FEr T wil -|_||1lu Liwitli PR g e bl il
ihisrvpagcement. Yicws an thie ol shiowe pwathe nuti
nn .“||-'\¢' iFfugt rf’F‘_’“’“l f|r |l|r i ||.I||r 'illlilll' s rlll' LURLAY N
penerninr borotmted. Starting at the Tully engaged
position, the (ooth on the [exible splive gradually
discopages, advances, and re-engnges: 85 the wave
ponerator 35 turned o half revelution. For o full
rotation of the wave gencrator, the fexible spline
counter-rotates through an angle equivalent 10 2
of lts 130 teeth, giving & 65:1 reduction ratin

In these drive systems any one of the three basic
elemenis (wive generntor, Hexible spling or cireidor
splined wan he held Thxed, and the other two omed

Fig. 3—3pline motion re
lavionships i rotacy sin
flvimg{ drive.  Magni-
ied wveews at left show
progressive action of sin-
gle tooth |:|.|:|r|'r|.p; cliock-
wise hall-revolution  of
wave penerator. Radial
T ———— views show  successive
Jn%!ﬁ:q:::'r::ﬂi wath  relaiionships  be.
tween circulae and [lexi
Isle splines

Further
Larngugemenl

Full 1810 disengagement
and elegrance

Re-engagement
fone haath adwancel
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spline
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R T
« - Output circular & Inpul flaixble
e lplln_th's - Hpling

Circulor spline fixed
Circular Spline Fixed

High inpur/output ratics with
moversal |n direction of rotation.
Circular spline Is stati3nary, in-
put rotatlon Is Introduced
through wave generator, and out-
put rotatlon Is taken from [lex-
ible spline. If circular spline has
200 teeth and Mexible spline 198,

Flexible spling fixed

Flexible Spline Fixed

High Input/output ratlo with
rotatlons in same direction,
Wave generator introduces {n-
put rotatlon, Medble spling is
held stationary, and output ro-
tatlon Is taken Ffrom eircular
spline, IF circuler spline has
200 1eoth and Hexible apline 193,

Drive ratlos mear 'unlty with
input and output ‘rotatisn In
same direction. Wave generator
Is starfonary, Mexible spline in-
troduces input, and oulput is
taken from clrcular spline. If
cireular spline has 200 teeth and
flewlble spline 198, arrongement

fexible spline rotates counter-  one clockwiss revalution of wave ~ produces near-unity reductlon, or
clockwise two of fs teoth for penerator ndvances circulnr spline N 100
ench clockwise revoluon of  two of iis testh, ¢ E=—C ="
WAVE Gererator, or ; Ng Bl
R= No = _:'E.
R= L = — -.—ul Ng— Ng 1
N' = Hg 1

interchangeably as input and ourput. Design rela-
tionships for the basic rotary single-stage combina-
tions are given in Fig. 4.

Design Details: Current design practice. for the
spline clements of these systems Is based on the
use of the standard 30-deg involute SAE spline tooth
form. This tooth form Is usually mdified by chang-

Fig. 4—Design relationships for single- rotary drive sys-
tems.  Arrangements shown are for s CLnn” service;
R=drive ratio, N;=number of teech on circular spline, N, =
fumber of teeth on [Mexible spline. Input and output of these
systems are interchangeable, They can be used for speed io-
crease a3 well as speed reduction. .

TN Ll K

ing the height slightly to allow sufficient clearance
for engagement and disengagement.

However, this tooth shape is in no way mandasory,
In fact, from a theoretical viewpoint, a straight-
sided tooth would appenr to be & better choice. But
this shape would entail o special cutter Jor cach di-
ameter. Other pressure angles could also be wused
with the Involute form as long as the tooth height

About the Author

April 14, 1960

Walt Musser—inventor of the Harmonic Drive—is an old
hand at masterminding design “breskihroughs™ He is
cradited with over 250 ‘major inventions und dlscaverles,
Some of them are the Army recoilless rifle, sirerah person-
ntl campults; Instrumentation for underwater detonation
testing, and major phases of the Marines® Ontos velicle;

His voried eareer includes experience in many diverse
flelds. He was research adviser 1o the Department of De-
Tense [or 15 years, With other Indusirial and government
organizations, he las served a5 chiel engineer, diroctor of
rescarch, and consultant. He holds professional engineering
liconzes in Pennsylvania and Mastachusetts.

In his present capacity with Unlted Shae Machinery
Corp., he is actively exploring nonrigid-bady mechanics,
wsing controlled dellection as an operating medlum, Some
of the results of this work are reported here, Other aspects
are slll in the experimental and developrmental stages,

169
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fel

Fig. %—Wave generatur conliguraions: o ellipwidal cam; b,
spaceed roller; o, ball planctary; o, variableball pph_n:uuw. i

Vi 0 Typas aob Flesasfe-spiline womplingess w, antegral; b, stati
sprlimes o, wasiel Loy o, dlynsmic spling

Masinul Dessey
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is altered to provide the necessary clearanee,

A number of materials have been used successfully
In the design of the drive elements. Preferred choice
has been SAE 4340 steel, primarily because of the
specifications on metallurgical cleanliness that have
been esahlished for this materinl. However, this
cleanliness requirement is only of importance for
those parts which are thin and have alwrnating
siresses imposed on them: In this respect, the prob-
lems are not any more critical than for other ma-
chine eclements,

Although the flexing elements are subjected to
eyclic-stress conditions, fatigue has not been n par-
ticular preblem. For example, the caleulated maxi-
murm stress In some experimental 100:] reduction
units varies from 9000 psi for one design o 18,000
psi for another. Actual strain-gage messurements
indicate that the stress level at the most highly
suressed point is considerably less than the endurance
limit of any steel.

Unique Properties: From the description of the
basic rotary drive system, several unique and in-
herent properties become apparent:

l. Tooth motion relationship between flexible
and eircular splines makes high-ratio speed reduction
or specd increase possible in o single stage.

2, In operation, many spline teeth are In simulta-
necus engagement to carry torque loads. Teeth ad-
jacent to load-bearing teeth are in near-engagement

April 14, 1980
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THE HARMONIC DHIv

202 and le spline teeth, A 100:1 re-
duction ratic i achieved at a drive efficiency ap-
proaching %0 per cent

and provide a “reserve™ capacity to accommodate
shock overloads,

3. Spline teeth come Ints contact with an almou
pure radial motion, and have essentially zero slid-
ing velocity, even at high input speeds. Tooth fric-
tion losses and wear are thus negligible.

4. Spline teeth in contact are practically stationary.
Dynamle loading, under normal aperating condi-
tions, is negligible, and splines are thus eapable of
transmitting torques nearly in proportion to their
stitic strength,

3. Reglons of tooth engagement and dpplication
of load torgue are usually diametrically opposed, and
result in & force couple that is symmetrical and bal-
anced.

6. Diametrically opposed spline mesh and large
number of teeth in simultancous engagement result
in u statistical averaging of errors in individual tooth
shape and placement.

T. With the flexible spline formed as an integral
section of a flexible cylindrical wall, positive rans-
mission of mechanical motion through the wall can
be achieved.

Wave Generator Configurations: Role of the wave
generator is to produce controlled deflection of the
llexible spline and to make possible the continuous
rotation of the resulting elliptoldal shape. Up w0
now, the svstems discussed have used internal wave
generators which deflect the flexible spline putward

171
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Covim fressensel 11igh Ratio Needvuweer

Two-stage drive system provides reduction ra-
tio thot iz product of separats siage ratios and
can tange lrom 2500.] te 200.000.1, depending
on design. Input shall drives internal ftirst-
stage woave generator which dellects flexible
epline 1o engage circular spline In statloneary
housing. Clockwise rotalion of wave generator
produces reducod counlerclockwise: rolalion ol

lexible spline which is coupled directly te
internal second-stage wave generator, Second-
stage [lexible spline is secured rolationally
to housing. Counterclockwise rolalien of see-
ond-stage wave generater produces reduced
counterclockwise rotation of second-siage cir-
cular spline, coupled directly lo output shalt

Firs) stoge wove Firsi stoge Second stage Second stoge

Hexible spline tiexible spline circular spline

First stoge Second atoge

A
circular 4/‘.| ] wave generatar
spline ﬂ —

|

Fhrough-Shaft Motor-Reducer General-Duty Motor-Reducer
Single-stage system permifs axial through-shalt
design lor low-speed, high-lorque output at
both ends df unit. Rolating armature is coupled
to elliptoidal wave generater which dellecis
flexible spline into engagement wilh eircular '
spline. Circulor spline is integrol with drive

Minor modificalion of commercial moter in-
corporates 264:1 single-slage redustion system
in end-bell, Motor shall drives inner bearing
race and lhree-ball planetary wave gener-
ator, preducing a symmetrical three-labe de-
llection wave. Flexible spline. with 240 teeth

housing, Oulpul shall is joined to llexible spline is dellected inte 243-looth cireular spline in

three regions. Rolling-ball reduction of 3.3:1
combines with 80:1 spline ratioc 10 produce
over-all 264:1 ratio.

by castelloted coupling.

Elliptaidal wave generator

AFEETE Flezibia splhina

Circular spline

Costellafed pEE e
coupling

Dutput
shof \
lboth ends)

Caostellated coupling

Inner beoring roce

Macsune Dusion
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into engagement with the dreular spline. Wave
generators can alse be external to deflect the flexible
spline inward inte engagement with the circular
spline. In this Instance, spline engagement Is at
dinmerrically-opposite regions on the minor axis of
the ellipoid, Fig. 5 shows a [ew of the many pos-
sible forms of wave generators.

Erveromar Cam: Most common form of wave
generator is the elliptoidal-cam 1ype, Fig. 5a. It may
be either internal or external and may have plain
or antifriction bearing contact with the flexible spline.

Seacen Rowtem: An inexpensive form of wave
generator is the spaced roller type. It ean easily
form two or more lobes, and may also be internal
or external, Fig. 5b. Standard ball bearings can
be used as antifriction devices at the points of con-
tact with the [lexible spline. Because the flexible
spline is unsupported between wave-generator lobes,
drives using he spaced-roller design do not have

Dual-Stage Reduction Drive

Reduction ratio of 12,880:]1 is produced
by compact dual-stage drive arrange-
ment, Motor output shaft drives ellip-
toldal wave generator, dellecting flex-
ible double-spline element so that first
flexible spline (160 teeth) engages lirs!
circular spline (162 teeth) and second
flexible gpline (159 teeth) engages sec-
ond elrcular spline (161 testh). Two
sets of splines have slightly dillerent
ralics of oppesile algebraic sign, pro-
ducing differential action with high
speed reduction.

Second curculor

First circular spline

spline

Ellipraigal
wave genardtor

First flanible spline  “Second flexibie spline

April 14, 1960
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us high an ouwtput load capacity us those using the
elliptoidal cam type.

Barn Praperany: Another useful form of wave
generator {5 the ball-plunetary type, Fig. 5¢c. This
consists of a circular inner bearing race which acts
az 8 sun wheel and drives 1wo or more radially
loaded balls, Because the balls are loaded radially.
load forces are balanced and symmetrical at the
regions of spline engagement. Thus, a spacer is not
mandatory to keep the balls seperated. However,
the spacer may be helpful for assembly of the balls.
and to prevent displacement under eceidental shock
loading. A feature of the ball-planctary wove gen-
erator is that its reduction ratio can be varied [rom
approximately 22 1o 8:1, to supplement spline sction
and Increase the over-all drive reduction. When a
selection of ball-planctary wave generators is avail-
able, the reduction ratio of a drive stage can he
changed readily to meet a wide range of ratio
requirementy.

Vamiasre-Bary Prawerany: A varistion of the
ball-planetary wave generator utilizes several balls
ol varying size, interposed between the two or three
largest balls, Fig. 54, These additional balls do not

Meodular Design Motor-Reducer

Single-stage 40:1 reducer system is changed
to B00:1 reduction dual drive by reversing as-
sembly posilion of circular spline. Full drawing
shows single-stage drive, with reduclion ratio
determined by internal circular spline and ex-
ternal spline at lefl end of {lexible multiple.
spline element. The engagementi at the right
end is that of a conventional spline. Inset
shows outpul circular spline reversed to mesh
with internal ellipteidal spline, [orming inter
mediate-ratic dual drive with E00:1 reduction

Becand liexible spline
First circular spline

Farst flexidle spfine =75

Second circular spline S
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Angular Phasing and 'iming Assembly

Prociae engulor phesing and fimineg
ol uhalls) gean. or cums 12 achieved
with assembly of standard drive ele-
ments. Flexible spline 15 dellected
by external wave generalor lo en-
gage both circuler splines. To phase
lelt shait relative to right shalt, wave
generalor is rotaled monually with
spanner wrench., Dillerence in num-
ber ol spline leeth causes [jexible
spline to rotate relative 1o et shalt
with 721 roduction. Bul  circular
aplive on aght shall hes wne nnm-
ber of tneth as lHerible spline and
enquromon! forms g dynomiec sphine
soupling with 1:1 raie. One side af
syslem con carry o goeor of cam
which can be phased relative to lis
supporting shall.

Precision Indexing Table

Drive syslom wilh two-parl ellipteidal wave gen-
erator is used to provide line and coarse angular
positioning ol work lable. Lower circular apline
is integral with table base, upper circular spline
with table surlace, Clockwise rolation of wave-
generator handle. a, causes flexible =pline to ro-
tate relalive lo toble base with 90:] reduction.
Upper cireular spline and Nexible spline lorm a
dynamic spline coupling and rotate (clockwise)
in unison. Hence, reduced motion of [lexible

Circuler spline
Lupper)

Two-part elliptedal
wOve Qenerolor

Circular spline
lupper)

http:/ /www.waltmusser.org/HD.htm

Frexible spiine

Curcular spline

spline is Iransmilled lo table surlace lor line
positioning.

For last posilioning, wave generater handle is ro-
tated counterclockwise, b. This aclion rotates the
outer portion of lhe wave generater sa Lthat the
two parts are “in phase.,” allowing the llexible
spline lo assume a circular shape. The llexible
gpline teoth disengage the testh of the lowor
circular spline, but remain parlially engaged with
those of the upper circular spline. Continued
counterclockwize rotation of handle lurns table
surlace directly lor coarse positioning.

Circuior
splines

Two-port elliptoidal
wove genaralor

Macione Besren
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vary the reduction ratio of the wave generator, but
support the Hexible spline, share the bearing load,
and thus Inerease the torque. capacity of the drive
unit

Flexible-Spline Design: The wave generator and
the elreular spline can be joined rigidly or rotation-
ally 10 external equipment by standard coupling
methods, However, the flexible spline requires less
conventional techniques of position and motion
coupling. For most applications, motion of the
flexible spline is. transmitted through a type of
coupling which integrates the varlntions in angular
veloeity previously mentioned and produces a uni-
form angular motion. Four types of such couplings
are shown ‘In Fig. 6.

Inteerar Courune: From a peformance view,
the preferred fexible spline couplings are integral
members, Fig. 6a. The eoupling is in the form of
# eup with spline teeth in the cylindrical wall near
the open end, Controlled deflection is imposed in
the cop at the open end, while the closed end re-
mains essentially elreular. The length of the tbular
well acts as a deflection sttenuator, and provides a
form of integrating coupling between the spline
engagement at the open end and a shalt joined o
the cup bottom. Integral couplings have high tor-
sional rigidity, low backlash, long life, high rorque
capacity, and no power loss within the coupling
Drive elliciencies with Integral couplings can be
over 90 per cent, The assembled coupling can con-
taln o drive motor, overload clutch, or electrical eon-
tral clrcults For effective space utilization.

Sranic Spuxe: The next most efficlent coupling
I+ the static design, Fig. 6b, Here, the flexing spline
is at one end of an open tube and a standard cir-

http:/ /www.waltmusser.org/HD.htm

cular-spline engages the other end. Coupling spline
teeth can be cut either externally or internally into
the tube wall. The static-spline coupling permits
slight oxial motion of the tube without allowing
angular or radial freedom. Operating efliclency of
the static spline is slightly less than that of an
integral conpling. Fabrication cost is lower, but the
static spline requires lubrication.

Casteriaren Cournng:  Efficiency,  positioning
accuracy, and torque capacity of the castellated
coupling, Fig. 6e, are governed by the number of
lugs and the tube length between spline teeth and
lugs. Maximum compeetness is possible with this
type of coupling. The shorter couplings, however,
have about one-fourth the load eapacity of an in-
tegral coupling since torque is not equally distributed
gmong the lugs. Castellated couplings have lower
positioning accuracy and efficlency, but are the least
expensive and most compact coupling form for a
single-stage drive.

Dynasic Spuxe: A unique form of spline cou-
pling is shown in Fig. 6d. Teeth of the flexible
spline ean be extended along the inner or outer wall
of the flexing tube, or teeth can be provided on
baoth inner and outer walle A second circular
output spline engages the ellipwoidal fexible splinc
either externally at the major axis, or internally
at the minor axis The circular output spline has
the same number of weeth as the engaging spline wn
the fexing wube. Thus, the two splines maove in
unison, eausing motion of the Hexible spline 1o be
transmitted dircctly ta the shalt. The dynamic-
spline coupling is compact and offers high pesition-
ing eccuracy. Load-carrying capacity, however, iz
about one-third that of the integral eoupling, and
drive efficiency with this type of coupling is abow
63 per cent,

Drive Systems: How the principal operating ele-
ments previcusly discussed are combined to form
a single-stage drive system is shown in Fig. 7. Tha

100 125 _
1 [

Fig. 8—Muliiple-stage drive systems: a, radial pound; b, axinl pound;
%, oL ﬂ blud"on nnml:: of teeth Mﬂlﬂn

Aprll 14, 9@
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_101 %100 _ 5080

! 10110041 1
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output torque.  Plog is represcnta-

tive uf svstems with 10wl drive

ratio, Dand of values imdicaies
cival design range from 25 o
Ib-in. per oo in,

torque,  Bamd is representative of
100:1 ratio dreive systems,  Hange
of practival design con vary (rom
130 1o 500 lb-in, per Ib,

ratios e four deive  configur.
tions,  Plnd shows ral ranges
ible with secel llexible splines
upits of moderae physical size
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wave generator of the second stage. The Hexible
spiine of this stage s also held stationary and the
second-stage circular spline provides the output
motion of the two compounded stages. If the sec-
ond stage provides a 150:1 reduction, the 1etal ratio
from firststage [oput to second-stage output s
13,000:1.

An axial-compound drive i produced when the
dreular splines are anchored, Fig. 8b, and the lirst-
stage [lexible spline drives the second-siage wave
generator.  With ratios caleulasted on the basis of
the flexible spline motion, the drive shown pro-
duces an over-all reduction of 12,500:1. Other forms
of compound drives can also be built up, and ratios
of 1,000,000:1 can be achieved with only two com-
pounded  stages.

Duar Dmeve: The term “dual” defines systems
in which one or more of the principal elements serve
two separate sets ol engaging splines. In Fig 8e,
for example, a single [lexing member carrdes two
sets of spline teeth, and a single elliptoidal wave
generator causes these two [lexible splines 1o engage
separate circular splines at the major axis.

The high-ratio dual drive shown has one spline
engngement between o flexible spline and » sta-
tionary elreular spline. Another spline engogement
ovcurs between n second flexible spline and an ex-
ternal cireular spline which produces the output
rotatlon. As’ the wave generator is rofated, the two
seis of splines produce rotations in opposite direc-
tions to develop o differentinl action. The two sets
ol ‘splines have scparate ratios of 101:1 and 100:1.
In combination, they produce an over-all dual re-
duetion of 5050:1,

A Torm of intermediate-ratlo dusl drive resulis
i the output circular spline engages the [lexing
member internally at regions on the minor axis of
the elliptaid. The additive action of the two result-
ing sets of splines produces a dual reduction ratio of
nbout one-hall that of a conventional single-stage
System.

Sealed Drive Systems: A unigque and usciul char
reteristie of this type of drive system s #ts ability
to transmit mechanleal motion through sealed walls,
Fig. 9, The wall can be part of a welded stoel
enclosure which Is capable of maintaining complete
isolation ol two environments.

Roranr-to-Rorany Drive: Use of the standnrd
rotary-to-rotary  arrangement  for  positive  drive
through a hermetic seal is shown In Fig. 92 Flere
the flexible spline weth are placed near the conter
of n sealed evlindrical tube. The fnternal ellivwidal
wave gencrator deflects the tube so that the flexible
and cireular splines engage at mwe reglons on the
major axis of the ellipold, Since the numbers of
weth on the Fexible and circular splines differ,
mtation of the wave generator causes a reduced
rotation of the output circular spline. With this

Apeil 14, 1960
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Pressure well

Leod stiem

Flgsibla fgt

Handwhial

Ellsptoidol waove
genarchor

Yolve sigm
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Rotary-to-Linear Valve Actuator

Modilied drive system lor conversion al
rotary-to-linear motion is used to acluate
sealed valve-stem assembly. Hand whesl
rolates wave generator which tronsmits el-
liptoidal shape through sealed pressure wall
to flexible nut, Lead screw is held from re-
tating by pins but is free to ironslate and
move valve stem. Since lead screw hes
double-lead threads, twe-lobe wave gene:r-
ator dellecis zero-legd ilexible nut into en-
gagemen! on miner axis. As wave generater
rotates, regions of thread engogement ad-
vance around periphary of lead screw, pro-
ducing translation ol serew and valve stem,
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sage drive sysiem with integral
coupling o flexible apline.

on & apecific unic with 172:1 rpe-
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Clrculor spline

Two-lobe wove
generator

= Flexible splina
Flexibie spline

— Two=lobe wove
Qengrator
Costelloted coupling

Tty

Tustrument Motor-Reducer

Single stage drive system uses two-
lobe wave generator to provide 350:1
teduction in sherl extension of minic-
lure instrumen! molor case. Molor shalt
drives small inner bearing roce and
tweo balls to dellect [lexible spline into
engagement with circular spline, lixed
1o case. Castellated coupling joins {lex-
ible spline lo oulputl shalt. Rolling-ball
reduction ol 5:1 combines wilth 70:1
spline ratio to produce 350:1 reduclion.

Iutermediate-Ratio Dual-Reduetion Drive

spline (124 teeth) engages culer circular spline
[126 teeth) and internal lexible spline (116 lesth)
engages inner circular spline (114 teeth). Ralies
ol lwo sels of spiines have some algebraie sign,
resulting in an opproximate 30:1 reduction.

Dugl-reduction drive system employs single wave
generaler lo produce loelth engagemen! al ma-
jer and minor axes of elliploid. External flexible

Outer circular spline

Input sholt Ellipteide! wove generator

Inner circulsr spline

Flezible spline
member

Output shatfr
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Breater in a system

mately 125:1 drive sario,

I gl wapip i e

system, rotary motions can be generated within a
completely sealed vessel,

Hotanv-ra-Lisear Duve: The method of rotary-
to-linear transmission of motion through a hermet-
ically-sealed wall represents o departure from the
standard drive arrangement. Fig. 0b shows a sealed
presfure: envelope with flexible cylindrical walls
surrounding @ translatory, but nonrotating, lead
screw with a elreular eross section. The inner wall
of the flexible tube has annular grooves (threads
ol zere lead) dnd forms a flexible nue. The external
wiave generator, operating through antiltdetion bear-
ings, forms the fexible nut inta an elliptoidal shape
and deflects it into engagement with the lead screw
at two diametrically opposite regions on the minor
axis of the ellipoid,

To permit such engagement, lead-screw threads
must advance one full thread per half revoluton.
That s, they must be double-lead threads. The
general relationship for engagofent of the flexible

A S S TR ——

Dutput membar
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nut and lead screw is that the two have a difference
in lead equal 1o, or an Integral multiple of, the

5 w0 number of lobes on the wave gencrator, Thus, o
w two-lobe system can operste with a zero-lead nut
s and a double-lead screw as shown, Fig 95 Alter
gE natively, the system can operate with u single-lead
=5 < right-hand nut and a single-lead left-hand screw,

=3 As the wave generator is rotated, the elliptoidal
g shape is advanced around the wall of the Hexible
s tube. The [lexible nut itself does not “wotate bu

its elliptoidal shape does, cousing the minor-aws
regions of engagement 1o progress around the lesd
screw and produce translation of the screw. The
direction of linear motion can be reversed by re-
versing the direction of wave-generator rotation.
Linear actuators of high mechanical advantage can
be made using this rotary-to-linear configuration.

Performance Capabllitfes: Plotted performance
curves, Fig. 10 through 16, ere based on opers-
tional tests conducted on apparatus developed for
the prolonged testing of rotary-to-rotary drives un-
der accurately controlled Joad conditions. [ndepend-
ent messurements were made simultanecusly on
twe drive units, tested interchangeably as speed
reducer and speed Increaser. Units have been driven
for hundreds of millions of eycles, and their per:
formance measured to better than one per cent
accuracy, Additonsl comparative data have been
teken from systems developed for special military
and industrial applications.

Each of the graphs focuses attention on a partic-
ular physical or operational-performance parsmeter,
A band of values is shown in most plots, ranging
from conditions of standard design and manufac-
ture to conditions of custom design and more exact-
ing methods of manufacture, These broad curves
are drawn about “design center” values which are
conservatively achievable today with standard sy
tems. The design of any particular drive unit must
represent a balancing of these various parameters

r——— e T S R - =

Input gear Fine-Coarse Comtrol Drive

high speed

pesitioning  Independent low-speed and high-
speed positioning  conlrels  are
achleved In dual-stage drive system
Inpul gear at lelt drives slliploidal
woave generator which deflects ex-
ible spline member. External spline

Ingut gear
low speed
positioning

engages outer circular spline at mo-
* jor axis; internal spline engeges in-
net circular spline al minor axis
ouler Through dual aclion, input rotation
is reduced by 30;] in qssembly,
For tast pesilioning. input rolation
iz introduced ot ouler circulor apline
with gecr at right. Slight speed in-
crease i3 produced through dual
Circular ¥
sl stage cclion of splines.

i 178

Flazible spline
member

Eliiptoudal
wove generolor
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3,214,999
HARMONIC DRIVE
Roger . Lapp, Silver Spring, Md., assignor to the United
States of America as represented by the Secretary of
the Navy
Filed Apr. 9, 19¢4, Ser. No. 358,673
16 Claims. (ClL 74—675)

This invention relates to a speed reduction drive and,
more particularly, to an improved dual stage harmonic
drive unit.

Harmonic drive devices have recently become avail-
able for use in speed reduction application offering many
advantages, such as high efficiency, compactness, and large
and varied speed reduction ratios, Despite these advan-
tages, there are many applications in which conventional
harmonijc drive devices are not entirely satisfactory as
they do not provide a sufficiently wide range of output
speeds and are not capable of bidirectional rotation.
Also, conventional harmonic drive devices are not instan-
taneously responsive upon energization and are not free
from backlash. A harmonic drive in which these dis~
advantages are overcome would have utility in such de-
vices as optical tracking telescopes, radar antenna drives,
aircraft control surface actuators, and high precision X-Y
plotting equipment.

It is therefore an object of the present invention to
provide a harmonic drive having a continuocusly variable
speed reduction ratio with substantially no delay between
command and operation.

Another object of the invention is to provide a har-
monic drive unit which provides a variable speed, bidirec-
tional output with or without the necessity of reversing
the input direction of rotation.

A further object of the invention is to provide a har-
monic drive unit having a high variable ratio of input to
output speed.

Other objects and many of the attendant advantages of
the present invention will be readily appreciated as the
same becomes better understood by reference to the fol-
lowing detailed description when considered in connec-
tion with the accompanying drawing, wherein:

FiG. 1 is an end elevation of the harmonic drive of the
prior art; and

FIG. 2 is a side elevation, shown partially in section,
of the speed reduction drive of the present invention.

According to the invention, two harmonic drive units,
each having its own input motor, are coupled together.
One of the units has a fixed internal gear, while the other
unit has a freely rotatable, internal gear which functions
as the output shaft of the harmonic drive unit. Both of
the input motors constantly run during operation; but, by
varying their relative speeds, the output shaft can be made
to rotate bidirectionally at varying speeds or to remain
stationary.

Referring to FIG. 1, which shows a harmonic drive of
the prior art, a fixed, circular, internal gear 10 has dis-
posed therein an externally toothed, flexible ring 12 hav-
ing fewer teeth than the gear 10. An input shaft 14,
coaxial with the internal gear 16, carries an elliptical disk
16. Disposed between the disk 16 and the flexible ring
12 is a ball bearing arrangement comprising a flexible
inner race 18 contiguous with the disk 16, a flexible outer
race 20 contiguous with the inner periphery of the ring 12,
and a plurality of balls 22 mounted between the races.
The disk 16 and the ball bearing arrangement together
form a wave generator, rotation of the elliptical disk 16
causing the ball bearing races to flex outwardly along
the major axis of the disk. Since the ring 12 is flexible,
it will also flex outwardly into an elliptical shape in the
same manner as the races 18 and 28, and form two dia-
metrically opposite waves moving about the periphery of
the ring 12.
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The dimensions of the components of the harmonic
drive are such that the teeth of the flexible ring 12 engage
the teeth of the internal gear 1¢ at opposite points on
the major axis of the ellipse formed by the wave generator.
Thus, there is engagement between the ring 12 and the
gear 10 by continnally moving points, causing the ring 12
to have walking motion about the inner periphery of the
gear 1. For every revolution of the wave generator,
the flexible ring 12 will rotate in the opposite direction
a distance equal to the thickness of a gear tooth multiplied
by the difference in the number of teeth between the gear
1% and the ring 12. The number of teeth on the flexible
ring 12 must be less than the number of teeth on internal
gear 10 by a multiple of two, since the ring is in engage-
ment with the gear at two points at every instant. With
this arrangement, high input to output ratios are attained
by a harmonic drive unit. For example, if there are 200
teeth on the gear 10, and 193 teeth on the flexible ring 12,
the ratio of input shaft speed to output shaft speed will be
100:1.

The present invention is shown in FIG. 2 and comprises
two rigidly connected harmonic drive units, A motor 30
is connected by its drive shaft to an elliptical disk 32 hav-
ing a ball bearing arrangement 34 disposed between the
disk and a flexible cup 36. A plurality of equally spaced
teeth 38 are formed on the outer periphery of the cup 36,
in the same plane as the disk 32, and are adapted to mesh
with the teeth 40 of a fixed internal gear 42 when flexed
outwardly by the wave generating rotation of the disk.

Rigidly connected to the flexible cup 36 by an axial
coupling shaft 44 is a second flexible cup 46. Mounted
within the cup 46 adjacent the free end thereof is an
elliptical disk 48 and a ball bearing arrangement 5¢. The
disk 48, mounted on the drive shaft of a motor 52, forms
a wave generator in combination with the ball bearing
arrangement 56. A plurality of teeth 54 are formed on
the periphery of the cup 46 and are adapted, when the
cup 46 is flexed, to mesh with the teeth 56 of an in-
ternal gear 58. Both harmonic drive units are identical
with the exception that the internal gear 58, constituting
the output shaft of the dual unit, is free to rotate, where-
as the gear 42 is fixed.

The number of teeth 38 on the flexible cup 36 is less
than the number of teeth 49 on the internal gear 42 by
a multiple of two. In order to obtain the highest input
to output ratio, the number of teeth 38 should be two
less than the number of teeth 48. The number of teeth
54 on the flexible cup 46 is equal to the number of
teeth 38, and the number of gear teeth 58 is equal to
the number of teeth 40. One revolution of the disk 32
will cause the cup 3§ to rotate in the opposite direction
a distance equal to the thickness of a gear tooth multi-
plied by the difference between the number of teeth on
the gear 42 and the cup 36; i.e., a distance equal to the
thickness of two teeth.

If the motor 52 is running at the same speed as the
motor 30, and in the same direction, as viewed from
one end of FIG. 2, then the cup 46 will flex and rotate
in the same manner as the cup 36. Since the motion of
the flexible cups would be identical, the internal gears
would also have the same relative motion, causing the
freely rotatable gear 58 to remain stationary. By vary-
ing the speed of one motor with respect to the other,
the gear 58 can be made to rotate in either direction and
at a greatly reduced speed. The output of the gear 58
will be equal to the difference in motor speeds, divided by
the ratio of input to output speeds of the individual
harmonic drives of the dual stage unit.

The operation of the device can best be described by
way of specific examples. If the internal gears 42 and
58 each have 200 teeth, and each flexible cup 3¢ and 46
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has 198 teeth, the ratio of input to output speeds of each
unit will be 100:1. If the motors 30 and 52 are both
running counterclockwise at the same speed, as viewed
from the right side of FIG. 2, the output of gear 58 will
be zero.

If, however, the motor 3¢ is running at 300 r.p.m.
counterclockwise, it will cause flexible cups 36 and 46
to rotate clockwise at a rate of 3 r.p.m. If motor 52
were not running, the flexible cup 46 would rotate around
the elliptical disk 48 to create a standing wave in.the
cup at opposite ends of the major ‘axis of the ellipse,
which would rotate the gear 58 clockwise at a rate of 3
r.p.m. By running the motor 52 at 200 r.p.m. counter-
clockwise, the wave generator will form diametrically
opposite waves in the flexible cup 46 traveling counter-
clockwise thereof and tending to rotate the cup in a
clockwise direction at a rate of 2 r.p.m. This wave is
traveling out of phase with the rotation of the cup by
a speed of 1 r.p.m. To compensate for this out of phase
relationship, the gear 58 is forced to rotate clockwise
at a rate of 1 r.p.m.

Should the motor 52 be running faster than the motor
30, the wave created by the elliptical disk 48 would be
out of phase with the rotation of the flexible cup 46
in the opposite direction, and would result in counter-
clockwise rotation of the output shaft or gear 58.

Thus, it may be seen that the speed reduction drive of
the present invention provides for intermittent rotation of
the output shaft in either direction merely by varying
the relative speeds of two constantly running motors.
Obviously, the device will operate effectively with the
motors 30 and 52 running in opposite directions in view
of the fact that the direction and speed of the output is
dependent on the relative speeds of the motors 30 and
52 as shown hereinabove.

The instant invention may be utilized as a torque
dividing device in a manner analogous to a conventional
differential gear unit.. Such an expedient requires, merely,
that a source of rotational energy be conmected to the
shaft 58 (the rotatable internal gear), the motors 30
and 52 serving as output loads. The torque of the shaft
58 will be evenly divided between the two loads even
though one of the loads may be restrained and there-
fore, rotate at a lesser speed than the other. The speeds
of the motors may, of course, be varied by varying the
speed of rotation of the shaft 58.

Obviously, many modifications and variations of the
present invention are possible in the light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed is:

1. A dual stage harmonic drive unit, comprising

a first barmonic drive unit including a fixed internal

gear, a cooperating flexible gear, and an input motor
operatively connected to said flexible gear,

a second harmonic drive unit including a freely rotat-

able internal gear, a cooperating flexible gear, and
a second input motor operatively connected to said
last-mentioned flexible gear, and

means rigidly connecting the flexible gears of said

first and second harmonic drive units, whereby vary-
ing the input speeds of said first and second harmonic
drive units controls the speed and direction of rota-
tion of said rotatable, internal gear.

2. A dual stage harmonic drive unit, comprising a
fixed internal gear, .

a first flexible gear mounted within said internal gear,

means for causing said first gear to rotate within said

internal gear,

a freely rotatable, internal gear,

a second flexible gear mounted within said freely rotat-

able gear,

means structurally independent of said first-mentioned
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means for causing said second gear to rotate with-
in said freely rotatable gear, and

means rigidly connecting said first and second flexible
gears whereby the speeds at which said first and
second gears are caused to rotate within their re-
spective internal gears controls the speed and direc-
tion of rotation of said rotatable internal gear.

3. The speed reduction drive of claim 2 in which said
first and second flexible gears each have the same number
of teeth, and said fixed and rotatable gears each have
the same number of teeth.

4. The speed reduction gear of claim 2 in which the
means for causing said first and second gears to rotate
comprise a pair of wave generators having their input
shafts coupled respectively to first and second motor
means.

5, The invention as recited in claim 4 wherein each
of said pair of wave generating means comprises a
multiple lobed cam.

6. A torque dividing unit, comprising

a first harmonic drive unit including a fixed internal
gear, a cooperating flexible gear, a first wave gen-
erator operatively connected to said flexible gear,
and a load connected to said first wave generator,

a second harmonic drive unit including a rotatable
internal gear, a cooperating flexible gear, a second
wave generator structurally independent of said first
wave generator operatively connected to said last-
mentioned flexible gear, and a load connected to
said second wave generator, and

means rigidly connecting the flexible gears of said first
and second harmonic drive units whereby a torque
applied to said rotatable internal gear is divided
equally between said loads.

7. A dual stage harmonic drive unit, including

a first harmonic drive unit comprising relatively ex-
ternal and internal gears, one of which gears is in
contact with the other at a plurality of spaced points
with intermediate points at which the gears are out
of mesh and contact and a wave generator acting
on one of said gears which moves the points of con-
tact around the gearing as said wave generator turns,

a second harmonic drive unit comprising relatively
external and internal gears, one of which gears is
in contact with the other at a plurality of spaced
points with intermediate points at which the gears
are out of mesh and contact and a wave generator
acting on one of said gears which moves the points
of contact around the gearing as said wave genera-
tor turns, and

means rigidly connecting the external gears of said
first and second harmonic drive units whereby the
speed and direction of rotation of one of said sets
of internal gears will be solely a function of the
relative input speeds of said first and second har-
monic drive units.

8. The invention as set forth in claim 7, wherein one
of said internal gears is fixed and one of said internal
gears is free to rotate.

9. The invention as recited in claim 8, wherein the
number of teeth in said external gears of said first and
second harmonic drive units are the same, and said sets
of internal gears of said first and second harmonic drive
units have the same number of teeth.

10. The invention as set forth in claim 7, additionally
including motor means connected to each of said wave
generators of said first and second harmonic drive units.
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HARMONIC DRIVE BEARING
ARRANGEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to harmonic drive transmissions
and more particularly to a supportive bearing arrangement
on that harmonic drive transmission unit.

2. Prior Art

Harmonic drive transmissions were originally called
“strain wave gearing”, and were initially introduced by
Musser in U.S. Pat. No. 2,906,143. Such original harmonic
drive transmissions or “strain wave gearing” comprised a
rigid, circular spline having “N” teeth. A flexspline having
fewer than “N” teeth (“N” being a positive integer) and
being disposed within the circular spline, and a rotatable
wave generator disposed within the flexspline to deform the
flexspline into a lobed configuration, such as an oval shape,
so as to force the flexspline into engagement with the
circular spline at two points on the major axis of the formed
ovaloid.

The wave generator may include an oval cam plate and a
bearing snuggly mounted on the outer periphery of the cam
plate. The outer bearing is matingly inserted into the flex
spline to as to deform it to the peripheral contour of the cam
plate. An input shaft attached to the cam plate provides
rotation thereto, causing the ovaloid configuration of the
flexspline to be correspondingly rotated. During such
rotation, the circular spline is induced to rotate, relative to
the flexspline, in an amount proportional to the difference in
the number of teeth between the flexspline and the circular
spline. When an output shaft is arranged on either the
flexspline or the circular spline, that output shaft is rotated
very slowly in comparison to its input shaft. Such harmonic
drive, strain wave gearing, has been utilized in machinery
requiring a high reduction ratio.

The flexsplines are generally cup shaped, having an open
first end and a closed second end. The closed second end
usually comprises a diaphragm having a central, generally
circular boss thereon. The boss may comprise a thickened
portion of the diaphragm, as for example may be seen in
U.S. Pat. No. 5,269,202 to Kiyosawa et al. The diaphragm
radially outwardly of the boss disclosed in this patent
decreases in thickness as it extends radially outwardly from
that boss. This flexspline will be bolted to a hub for
transmission of rotary motion therebetween. A shaft is
typically connected via a circular bolting pattern to the boss.
The shaft itself is then supported within an annular bearing
arrangement disposed between the shaft and an annular
housing enclosing the flexspline cup and wave generator.
The alignment requirements for such a bearing arrangement
in conjunction with the attachment to the boss, requires high
tolerance machining and extended assembly.

It is an object of the present invention, to provide a
harmonic drive assembly which improves over the prior art.

It is a further object of the present invention, to provide
a harmonic drive assembly which is less expensive to
manufacture by virtue of fewer parts and by virtue of
elimination of possible misalignment inherent in prior art
devices.

It is yet a still further object of the present invention, to
provide a harmonic drive assembly utilizing a bearing
arrangement which minimizes assembly time and improves
the performance of the harmonic drive unit.

BRIEF SUMMARY OF THE INVENTION

The present invention comprises a harmonic drive trans-
mission utilized in providing a high ratio of input to output
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rotary motion. Harmonic drive transmission generally com-
prises a housing of generally cylindrical shape. The housing
has a first end and a second end. The first end of the housing
has a circular opening thereat, comprising an inwardly
directed circular spline toothed gear arrangement. The cir-
cular spline has “N” teeth therein. A generally cup-shaped
flexspline is rotatably disposed within the housing. The flex
spline has a first end which is open, and has a flexible outer
lip having an array of radially outwardly directed teeth
thereon, of fewer than “N” teeth in number. A power input
shaft is rotatably disposed into the first end of the housing,
for transmission of rotary motion into the harmonic drive
transmission assembly.

A noncircular or generally oval-shaped wave generator,
having at least two diametrically opposed lobes along its
outer periphery, is disposed radially about the input shaft,
and radially inwardly of the flexspline teeth. A bearing
assembly is disposed between the outer peripheral surface of
the wave generator, and the radially inwardmost surface of
the first end of the flexspline cup.

The flexspline cup has a second end, which is disposed
within the second end of the housing. The flexspline cup has
a diaphragm extending radially inwardly from its outermost
edges at its second end. The diaphragm, at the second end of
the flexspline is tapered to an increasing thickness radially
inwardly. The radially inwardmost end of the tapered dia-
phragm is uniformly configured as a radially inwardly
directed notch or generally “U” shaped channel of annular
orientation. The channel has a radially outwardly extending
flange defining a second side thereof. The first side of the
generally “U” shaped notch or channel is defined by the
diaphragm which is preferably tapered.

The flange defining the second side of the generally “U”
shaped notch or channel as a plurality of bolt holes circularly
spaced therearound. The bolt holes are spaced at an enlarged
radius (in axial alignment with the diaphragm), to permit the
greatest number of bolts to be used therewith, for an
attachment to an output member, thereby providing greater
support between the upper member and the flex spline cup.
The flange itself is defined by two parallel walls, each of
which are preferably perpendicular to the axis of rotation of
the flexspline cup. The flange has an outer peripheral surface
of annular configuration having a diameter approximately
equal to that of the flexspline cup.

A pair of split rings, which together define an outer
bearing race, are bolted together to the second end of the
housing. In a first preferred embodiment, the annular periph-
eral surface defining the annular radially outermost surface
of the flange, may have shallow circumferentially arranged
grooves thereon. An arrangement of bearing members, for
example, ball bearings, or roller bearings or the like, are
arranged between the outer race and the outermost periph-
eral surface of the flange, the bearing members riding
directly thereon. In that first preferred embodiment of the
bearing members, those bearing members may comprise ball
bearings, and those ball bearings may ride in the shallow
angularly arranged grooves configured on the outer periph-
eral surface of the flange.

By virtue of using the outer peripheral surface of the
flange as the inner race itself, one or more transmission
assembly parts are eliminated which would otherwise have
to be manufactured and assembled, according to high tol-
erance requirements. By utilizing the bearings between the
outer race and the flange directly on the flexspline portion of
the harmonic drive itself permits the actual rotative bearing
members, whether they are balls or roller bearings, become
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the direct supporting structure of the rotative flexspline
components of the harmonic drive unit. They are connected
directly to the housing through those support bearings. Thus,
by eliminating the inner bearing race(s), the harmonic drive
assembly weight may be minimized and size may be
minimized, to produce a more cost-efficient, more compact
harmonic drive unit. The bearing members themselves may
be held in place by a bearing member cage, which permits
the bearing members to be pressed onto the peripheral
surface of the flange, and radially within the outermost outer
bearing race which is bolted in place against the housing,
thus capturing the bearing members rotatably therebetween.

A second preferred embodiment includes the use of an
inner race which is press fit directly onto the outer periphery
of the flange axially adjacent the diaphragm of the flexs-
pline. The bearing members, ball bearings or roller bearings,
are then also in radial alignment with the flange immediately
adjacent the flexspline diaphragm, in a manner similar to
those of the previous embodiment, to provide improved
rotational stability of the flexspline/diaphragm not found in
the art. By being press fit onto the flange, the bearing
members, which includes an inner bearing race, minimizes
the machining costs by removing the need to have to mill the
flange, which in one embodiment of this invention, is
integral with the flexspline. Dowel pins and precision dowel
pin holes are eliminated by such a construction, which pins
are required for component alignment in the prior art.

The invention thus comprises a harmonic drive transmis-
sion arrangement having an input member and an output
member, the transmission comprises a generally
cylindrically-shaped housing including a circular spline gear
arranged therein, and a cup-shaped flex spline with an array
of radially outwardly directed gear teeth on a first end
thereof, engaged with the circular spline teeth. A wave
generator is rotatably supported on the input member radi-
ally inwardly of the gear on the flex spline. An annular
diaphragm is arranged at a second end of the cup-shaped
flexspline, and a flange may be integral or attached to the
diaphragm to permit the cup-shaped flexspline to be securely
attached to the output member, the flange having an annular
outmost surface thereon. An outer bearing race is attached to
a second end of the housing, and an arrangement of bearing
members are arranged between the outer bearing race and
the radially outermost surface of the flange, the bearing
members being between rotatable in one embodiment
directly on the radially outer surface of the flange, in a
structurally supported manner therewith. The flange in a
second embodiment may have an inner bearing race to
support the bearings in the flange. The flange may be
attached to the diaphragm end of the flexspline cup, or the
flange may be an integral part of the flexspline cup. A “U”
shaped channel is annularly arranged between the dia-
phragm and the flange. The radially outermost annular
surface of the flange, may have a shallow groove arranged
annularly thereon. The outer bearing races, may be com-
prised of a pair of split rings having curvilinear inner
surfaces to define an inner race surface onto which the
bearing members may revolve.

The invention also comprises a method of securely trans-
mitting a reduced ratio of rotary power of an input member
to an output member through a harmonic drive transmission
arrangement comprising the steps of: supporting a flexspline
within a generally cylindrically-shaped housing, the housing
including a circular spline gear arranged therein, and a
cup-shaped flexspline with an array of radially outwardly
directed gear teeth on a first end thereof, engaged with the
circular spline teeth; arranging a wave generator rotatably
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supported on the input member radially inwardly of the gear
teeth on the flexspline; forming an annular diaphragm
arranged at a second end of the cup-shaped flexspline;
arranging a flange on the diaphragm, the flange having an
annularly-shaped radially outermost surface; attaching an
outer bearing race to the housing radially outwardly of the
flange; and inserting an arrangement of bearing members to
revolve directly on the radially outermost surface of the
flange, and radially within the outer bearing race, so as to
directly support the flange within the housing. The method
may include the step of: manufacturing the flange integral
with the diaphragm on the second end of the flexspline cup.
The method may include the radially outermost surface of
the flange having an annular groove disposed therearound
for the bearing members to ride thereon.

BRIEF DESCRIPTION OF THE DRAWING

The objects and advantages of the present invention will
become more apparent, when viewed in conjunction with
the following drawings, in which:

FIG. 1 is a side-clevational view of a harmonic drive
transmission constructed according to the principles of the
present invention; and

FIG. 2 is a side elevational view of a harmonic drive

transmission, in a further embodiment to that shown in FIG.
1.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings in detail, and particularly
to FIG. 1, there is shown the present invention which
comprises a side elevational view, in section, of a harmonic
drive transmission 10 typically utilized in providing a high
ratio of input to output rotary motion. The harmonic drive
transmission 10 generally comprises a housing 12 of gen-
erally cylindrical shape. The housing 12 has a first end 14
and a second end 16. The first end 14 of the housing 12 has
a circular opening thereat, comprising an inwardly directed
circular spline toothed gear arrangement 18. The circular
spline 18 has “N” radially inwardly directed teeth therein. A
generally cup-shaped flexspline 20 is rotatably disposed
within the housing 12. The flexspline 20 has a first end 22
which is open, and has a flexible outer lip 24 having an array
of radially outwardly directed teeth 26 thereon, of fewer than
“N” teeth in number. A power input shaft 28 is rotatably
disposed into the first end 14 of the housing 12, for trans-
mission of rotary motion into the harmonic drive transmis-
sion assembly 10.

A noncircular or generally oval-shaped wave generator
30, having at least two diametrically opposed lobes (not
shown for convenience) along its outer periphery, is dis-
posed radially about the input shaft 28, and radially inwardly
of the flexspline teeth 26. A bearing assembly 32 is disposed
between the outer peripheral surface of the wave generator
30, and the radially inwardmost surface of the first end 22 of
the flexspline cup 20.

The flexspline cup 20 has a second end 34, which is
disposed within the second end 16 of the housing 12. The
flexspline cup 20 has a diaphragm 36 extending radially
inwardly from its outermost edges at its second end 40. The
diaphragm 36, at the second end 40 of the flexspline cup 20
is tapered to an increasing thickness radially inwardly. The
radially inwardmost end of the tapered diaphragm 36 is
uniformly configured as a radially inwardly directed notch
or generally “U” shaped channel 42 of annular orientation.
The channel 42 has a radially outwardly extending flange 44
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defining a second side thereof. The first side of the generally
“U” shaped notch or channel 42 is defined by the diaphragm
36 which is preferably tapered.

The flange 44 defining the second side of the generally
“U” shaped notch or channel 42 has a plurality of bolt holes
46 circularly spaced therearound. The bolt holes 46 are
spaced at an enlarged radius (in axial alignment with the
diaphragm), to permit the greatest number of bolts to be used
therewith, for an attachment to an output member 50,
thereby providing greater support between the output mem-
ber 50 and the flexspline cup 20. The flange 44 itself is
defined by two parallel walls 52 and 54, each of which are
preferably perpendicular to the axis of rotation “R” of the
flexspline cup 20. The flange 20 has an outer peripheral
surface 56 of annular configuration having a diameter
approximately equal to that of the flexspline cup 20.

The annular peripheral surface 56 defining the annular
radially outermost surface of the flange 44 may have shallow
circumferentially arranged grooves 58 thereon. A pair of
split rings 60 and 62, which together define an outer bearing
race, are bolted together to the second end 16 of the housing
12. An arrangement of bearing members 66, for example,
ball bearings, or roller bearings or the like, are arranged
between the rings 60 and 62 comprising the outer race and
the outermost peripheral surface 56 of the flange 44, the
bearing members 66 riding directly on that annular surface
66. In one preferred embodiment, in which those bearing
members 66 comprise ball bearings, the ball bearings may
ride in the shallow angularly arranged grooves 58 configured
on the outer peripheral surface 56 of the flange 44.

By virtue of using the outer peripheral surface 56 of the
flange 44 acting as the inner race itself, one or more
transmission assembly parts are eliminated which would
otherwise have to be manufactured and assembled, accord-
ing to high tolerance requirements. By utilizing the bearings
66 between the outer race rings 60 and 62 and the flange 44
directly on the flexspline cup 20 portion of the harmonic
drive assembly 10 itself permits the actual rotative bearing
members 66, whether they are balls or roller bearings, to
become the direct supporting structure of the rotative flex-
spline components (20 and 44) of the harmonic drive unit
10. They are connected directly to the housing 12 through
those support bearing members 66. Thus, by eliminating the
inner bearing race(s), the harmonic drive assembly weight
may be minimized and size may be minimized, to produce
a more cost-efficient, more compact harmonic drive unit.
The bearing members themselves may be held in place by a
bearing member cage (not shown), which permits the bear-
ing members 66 to be pressed onto the peripheral surface 56
of the flange 44, and radially within the outermost outer
bearing race ring components 60 and 62 which components
60 and 82 are bolted in place against the second end 16 of
the housing 12, thus capturing the bearing members 66
rotatably therebetween.

A second preferred embodiment, as shown in FIG. 2,
includes the use of an inner race 70 which is “press-fit”
directly onto the outer periphery 72 of the flange 44 axially
adjacent the diaphragm 36 of the flexspline cup 20. Such
inner race 70 may be further secured to the flange 44 by
application of an adhesive “A” between the flange 44 and the
inner bearing race 70. The bearing members 66, ball bear-
ings or roller bearings, are then also in radial alignment with
the flange 44 immediately adjacent the flexspline diaphragm
36, in a manner similar to those of the previous embodiment,
to provide improved rotational stability of the flexspline and
diaphragm 20 and 36, not found in the art.

By virtue of the bearing inner race 70 being press fit onto
the outer surface 72 of the flange 44, the machining costs are
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minimized by virtue of removing the need to have to further
mill a complicated and delicate component such as the
flange 44, which in one embodiment of this invention, is
integral with the flexspline 20. Prior art components such as
dowel pins and precision dowel pin holes are eliminated by
such a construction, which pins are required for flexspline
alignment in the prior art.

Thus what has been shown is a novel construction of
bearing support arranged directly onto a portion of a har-
monic drive flexspline which permits simpler construction,
minimizes costs and reduces rotational inaccuracies of the
flexspline cup and its shafts connected therewith. The
“press-fit” assembly of an inner race in one embodiment of
the present invention aides in reducing manufacturing costs
and improves performance in a manner not shown or sug-
gested by such prior art.

We claim:

1. A harmonic drive transmission arrangement having an
input member and an output member, said transmission
comprising:

a generally cylindrically-shaped housing including a cir-
cular spline gear arranged therein, and a cup-shaped
flexspline with an array of radially outwardly directed
gear teeth on a first end thereof, engaged with said
circular spline teeth;

a wave generator rotatably supported on said input mem-
ber radially inwardly of said gear on said flexspline;

an annular diaphragm arranged at a second end of said
cup-shaped flexspline;

a flange on said diaphragm to permit said cup-shaped
flexspline to be securely attached to said output
member, said flange having a annular outmost surface
thereon;

an outer bearing race attached to a second end of said
housing; and

an arrangement of bearing members arranged between
said outer bearing race and said radially outermost
surface of said flange, said bearing members between
rotatable radially outwardly of and riding directly on
said radially outer surface of said flange, to support said
flange thereby.

2. The harmonic drive transmission arrangement as
recited in claim 1, wherein said flange is integral with said
diaphragm end of said cup.

3. The harmonic drive transmission arrangement as
recited in claim 1, wherein the said flange is an integral part
of said flexspline.

4. The harmonic drive transmission arrangement as
recited in claim 2, including a “U” shaped channel annularly
arranged between said diaphragm and said flange.

5. The harmonic drive transmission arrangement as
recited in claim 1, wherein said radially outermost annular
surface of said flange, has a groove arranged annularly
thereon for said bearings.

6. The harmonic drive transmission arrangement as
recited in claim 2, wherein said outer bearing races, are
comprised of a pair of split rings having curvilinear inner
surfaces to define an outer race surface against which said
bearing members may revolve.

7. A method of securely transmitting a reduced ratio of
rotary power of an input member to an output member
through a harmonic drive transmission arrangement com-
prising the steps of:

supporting a flexspline within a generally cylindrically-
shaped housing, said housing including a circular
spline gear arranged therein, and a cup-shaped flexs-
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pline with an array of radially outwardly directed gear
teeth on a first end thereof, engaged with said circular
spline teeth;

arranging a wave generator rotatably supported on said
input member radially inwardly of said gear teeth on
said flexspline;

forming an annular diaphragm arranged at a second end of
said cup-shaped flexspline;

arranging a flange on said diaphragm, said flange having
an annularly-shaped radially outermost surface;

attaching an outer bearing race to said housing radially
outwardly of said flange; and

inserting an arrangement of bearing members to revolve
between said radially outermost surface of said flange
and said outer bearing race, for said bearings to ride

5
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directly upon said outermost surface of said flange, so
as to directly support said flange within said housing.

8. The method as recited in claim 7, including the step of:

manufacturing said flange integral with said diaphragm on

said second end of said flex spline cup.

9. The method as recited in claim 7, wherein said radially
outermost surface of said flange has an annular groove
disposed therearound for said bearing members to ride
thereon.

10. The method as recited in claim 9, including the step
of:

applying a layer of adhesive to said outer periphery of said

flange prior to said press-fitting of said inner bearing
race thereon.
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[571 ABSTRACT

The present invention relates to an extended tooth contact
harmonic drive gearing apparatus for transmitting rotary
motion from an input drive to an output drive through
mating contact between the gear teeth of a flexspline and a
rigid circular spline, the flexspline being rotated into non-
circular shape by a wave generator. The profile of the
flexspline teeth are gemerated to cause the teeth of the
flexspline to contact more than one tooth of the circular
spline by forming a face profile on the flexspline teeth in
accordance with a predetermined equation while the flank
tooth profile of the circular spline is formed of a known arc
segment, such as, a circle, ellipse or parabola.

5 Claims, 3 Drawing Sheets
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EXTENDED CONTACT HARMONIC DRIVE
DEVICES

RELATED APPLICATIONS

This is a Continuation-in-Part of U.S. Ser. No. 08/113,
285, filed Aug. 30. 1993, now U.S. Pat. No. 5,456,139, and
incorporated herein in its entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to strain wave gearing, and more
particularly to an improved tooth profile of a flexspline and
a circular spline in harmonic drive devices.

2. Prior Art

The original harmonic drive strain wave gearing was
introduced by Musser in U.S. Pat. No. 2,906,143. A har-
monic drive strain wave gear comprises a rigid circular
spline having “n” teeth, a flexspline having fewer than “n”
teeth (“n” being a positive integer) and being disposed in the
circular spline, and a rotatable wave generator disposed in
the flexspline to deform the flexspline into a lobed
configuration, such as an oval shape, so as to force the
flexspline into engagement with the circular spline at two
points of the major axis of the formed ovaloid. The wave
generator may include an oval cam plate and a bearing
snugly mounted on the outer periphery of the camplate. The
outer bearing is matingly inserted into the flexspline so as to
deform it to the peripheral contour of the camplate. An input
shaft attached to the camplate provides rotation thereto,
causing the ovaloid configuration of the flexspline to be
correspondingly rotated. During such rotation, the circular
spline is induced to rotate relative to the flexspline by an

amount proportional to the difference in the number of teeth

between the flexspline and the circular spline. When an
output shaft is arranged on either the flexspline or the
circular spline, that output shaft is rotated very slowly in
comparison to its input shaft. Such harmonic drive strain
wave gearing has been utilized in machinery requiring a
high reduction ratio.

A recent attempt at improved tooth profile design is
shown in U.S. Pat. No. 4,823,638 to Ishikawa, wherein the
engagement between the flexspline and the circular spline is
deemed to be an approximation to that of a rack mechanism.
The tooth profile of the engaging splines is defined by a
transformation of an original curve by the application of a
reduced ¥ scale to a corresponding similar figure, that is, a
mapping curve derived by a similarity transformation from
the movement locus of the crest of the fiexspline relative to
the circular spline.

The design of the *638 gear tooth is therefore based on a
simplified traditional rack mechanism approximation.

In fact, the gear teeth are not located on a simple linear
rack. The circular spline teeth are located on a circle and the
flexspline teeth are located on an oval surface formed by the
wave generator. These two curved surfaces cause an incli-
nation angle change between a tooth on the flexspline
relative to the circular spline as the tooth moves into the
engagement from the minor axis to the major axis. Such
inclination angle is ignored when it is assumed that the
circular spline and the flexspline are straight racks.

More recently in the referenced U.S. patent application
Ser. No. 08/113,285 an improvement in flexspline tooth
profiles was obtained by taking into account precessing of
the tooth angle at the front and back of the tooth lobe as the
oval wave generator is rotated.
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BRIEF SUMMARY OF THE INVENTION

In accordance with the present invention extended tooth
contact engagement with reduced tooth stress is achieved by
first defining the tooth face profile of one of the gears,
preferably the circular spline by a simple well known
geometrical arc segment such as a circular, parabolic, or
elliptical arc segment. Next, the tooth face profile of the
other gear, preferably the flexspline is defined by a curve
shape that allows several teeth to remain in contact while the
wave generator is rotated. Furthermore, the transition region
between tooth flank and tooth face is made continuous, and
thereby smoothed out, by using a straight line segment for
this portion of the flexspline tooth profile. The aforesaid
curve shape that allows several teeth to remain in contact is
determined by establishing the movement locus of a point on -
the flexspline tooth in relationship to a point of comtact
between the face profile of the flexspline teeth and face
profile of the circular spline teeth and subtracting the tan-
gential component shift due to tooth inclination as the wave
generator is rotated.

The invention thus comprises an extended contact har-
monic drive gearing apparatus for transmitting rotary motion
from an input drive to an output drive, comprising: a rigid
circular spline having gear teeth thereon; a flexible flexs-
pline having gear teeth thereon arranged radially adjacent
the rigid circular spline. The flexspline face tooth profile for
a preferred circular arc embodiment of an extended contact
harmonic drive gearing apparatus is defined by the following
equations:

o

Il

x»+(a—R)~u-h
dyo

Rl =25~
= —~@x+R)—u-h

{(4) (%)

~(¥2~b)

%
n

dxo
Ri'|—arl
= - +y0

(&) (&)

wherein —u-h is the tooth inclination correction factor

h=yo~y;

u=tan~ ( __1. .
r

dr
4 )

X, is the tangential axis coordinate of a point on the
flexspline tooth face curve;

Y, is the radial axis coordinate of a point on the flexspline
tooth face curve; and the circular spline face tooth profile is
defined by a circle with radius R=V(x~-a)*Hy,-b)* in
which a, b are the center coordinates of a circle.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and advantages of the present invention will
become more apparent when viewed in conjunction with the
following drawings, in which:

FIG. 1 is a front partial view of a harmonic drive gearing
assembly constructed according to the principles of the
present invention;
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FIG. 2 is a view of a quadrant of the teeth of a flexspline
and a circular spline shown in FIG. 1, showing the progres-
sive points of tooth engagement therebetween;

FIG. 3 is a frontal enlarged view of a flexspline tooth
engaging a pair of teeth of the circular spline, showing the
tooth engagement of the present invention and superimposed
thereon are geometric expressions useful in explaining how
the curve equations for the various tooth profiles were
determined; and

FIG. 4 is a drawing illustrating the coordinate systems
used in drawing the geometric expressions for the profile
curve equations of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to the drawings, and particularly to FIGS. 1 and
2, there is shown in an enlarged frontal view, a harmonic
drive gearing assembly 10. having a tooth profile which is
the subject of the present invention.

The harmonic drive gearing assembly 10 comprises a
planar generally oval shaped wave generator (cam plate) 12
having a bore 14 for attachment to a drive shaft, not shown.

The wave generator 12 has an outer periphery 18 with a
bearing assembly 16 pressed thereabout. The bearing assem-
bly 16 consists of an inner race 20, an outer race 22, and a
plurality of roller members 24 rotatively distributed thes-
ebetween. A deformable fiexspline 26 is disposed outwardly
of and snugly engaged with the outer race 22 of the bearing
assembly 16. A rigid fixed circular spline 28 is disposed
radially outwardly of the deformable flexspline 26. An array
of gear teeth 30 (as shown in FIG. 2) is arranged on the outer
periphery of the flexspline 26, and another array of gear
teeth 32 is arranged on the inner periphery of the circular
spline 28 in a matable relationship therebetween.

The major axis of the wave generator 12 and the flexspline
26 is represented, in FIG. 2, at the 12 o’clock position (35),
and likewise, the minor axis in FIG. 2 is at the 9 o’clock
position (36). The maximum inclination of the teeth 30 of
the flexspline 26 are found at the mid-point (37) between the
major and minor axes 35 and 36.

Referring now to FIGS. 3 and 4, the derivation of the
curves defining the tooth profiles of the flexspline 26 and the
circular spline 28 will now be explained in connection
therewith. FIG. 3 depicts one tooth 60 of the flexspline 26 at
a point of contact P'(x,y,) with the face 62A of a tooth 62
of the circular spline 28. The tooth 60 has an upper face
profile curve at 60A and a lower flank profile curve at 60B
joined by a straight line transitional profile at 60C. The
movement locus of the flexspline 26 describes the path of a
point on the flexspline neutral on plane 68 as it is rotated by

a wave generator (not shown). The movement locus is-

designated 54 and is shown by dotted lines. Dashed lines 68
delineate the neutral on plane of the flexspline 26 which does
not change length as the flexspline is distorted by the
waveform generator (not shown). When the origin of the
fiexspline is moved from q(0.0) to a point q,. q'(X,Y,) on its
movement locus; the point P(x,.Y,) on the tooth profile face
60A moves to the contact point P' (x,Y,) with the face 62A
of circular spline 28.

The curve equations for the face of tooth 60 are derived
as follows:

The movement locus for the point g the flexspline tooth 60
is:
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r= rc—-‘zi (1 - cos2¢) 1)
x=rsin(¢—0) 1(b)
y=r.—rcos(¢—8) I(c)

wherein ~/2=60=0; and

wherein X is a coordinate in the tangential direction;

Y is a coordinate in the radial direction;

1. is the flexspline major axis radius as shown in FIG. 4;

d/2 is one-half of the displacement d of the deformed
flexspline;

0 is the angle of rotation of the wave generator;

(¢.r) are the polar coordinates of the neutral surface of the
flexspline.

The addendum arc (circle) equation for the circular spline
tooth profile is:

(maf+bY=R? 2

for a circle with radius R; in which a and b are the center
coordinates of the circle.

The point q' is located on the movement locus, q’s
coordinates are as follows:

ro=re ——g— (1 —cos2dy) Iay
Xo=Torsin($o—0o) 1(bYy
Yot Fosin(¢o—0o) 1y

The coordinates of the contact points P' have the following
relationship with points q' of the locus movement:

Xyt 3(2)

Y=Yy, 3(b)
¢ and 0 are related by equation 4 below:

re-® = Jredp 4

(rc—%)¢+—z- sin2¢

Since P’ is located on the circular arc of the tooth face of
tooth 62 of circular spline 28, X_ and Y, in equation 2 can
be replaced by X, and Y,.

Since P comes in contact with P', the tangent angle of the
flexspline face curve at point P should be the same as the
circular spline curve at P';

or:
dry  dn, 5
dxX; ~ dx;

Coordinates X, and Y, can therefore be replaced with

equations 3a and 3b respectively:

dyy _ d(Y1 — yo) 6
dXy ~ d(Xi-xo)

or



5,662,008

5 _ 6
dY, -(z:l(l)f'nﬁnued 7(2) di
1 2 a ro . do 12(a)
X = a5 =4 sinbo g
_ dMi—yo) 12(b)
T a0y 3 dw _dn il
e _yo) d(Xl - x0) 20 = a0 sin(go— 90)+ rocos($o _90) : ( a8 1 )
= —— [ ——
do a0 12(0)
dy, di . db
() (S ) N - costn— 0+ st 00) - e 1)
| dh B ( Yy  dyw ) ( dXy  dw ._3—2-. is obtained from Eq. 4.
do ds - a8 T db 46 ~ 4B
do re re 13
dyy dXi dxo _ dXy dYy dyo W B Y
@ \®m m B\ a8 @ ) therfor 15 re= g (1-cos2e)
an  dn _ 9 dw The coordinates of a point P on the face 60A of the tooth
48 do T ods 4o profile of the flexspline 26 which maintains contact with a
dYy  dy  dxo 7y  circular profile of tooth 62 on the face of the circuiar spline
v Bl 50 28 throughout a portion of the movement locus 54 are
. obtained from Eqs. 10, 11, 12, 3 and 1 as follows:
Here, Y, and X, have only one function 6. Note: ¢ can be )
represented by © by adapting the Newton-Raphson method X = Xi-x 14
(see text “Advanced Engineering Mathematics” 2nd Ed.
Peter V. O’Neil© 1987, Wadsworth, Inc., pp. 1062-1065 R~~| dyo
incorporated herein by reference) to equation 4. So that X; 25 VT8
has two functions: Y, and 6. Y, needs to be replaced by an = ta-%
equation about X, and 0 as follows: \I ( dx ) +( dyo )
First we differentiate Equation 2' about coordinate X, and do do
solve for dY,/dx,, as follows: % Y = Yi-y 15
X;—a®+ ;b =R, 2 R'l dxy |
| —-
dny 8 - +b—yo
20X~ a)+ 2Y1 - b) -z =0 Y >
() (%
dr, (X1-a) 35 &) "\ Hm
2 ) . L . .
P’s coordinate system has its origin on point q. Changing the
, origin to point O in the diagram on FIG. 3. Then, adding a
(Y,~b) can be replaced by Eq 2" tooth inclination correction of minus u-h yields:
40
vi-5=NRZ- (X - aF ? o = Ko+(a—R)-u-h 16
dy, Xi—-a | dyo
2 _ fl
2 — (X1~ a)? = +Yo—(o+R)—u-h
45 z 2
( dxo dyo
dY,/dX; can be replaced by Eq. 7(b). Making an equation N\ ) "\®
about X —a.
W = —Y2—b) 17
dyo  dx X1~a 10 .
il e 50 | |
de 48 NR-(—ap Ri| =~
= - +y
2 2
R| \I( ) (L)
Xi—a= ® ) *\"@
dxg : dyo i 55 wherein
(=) (&)
==Y, 18
Making an equation about Y ,~b with Eq. 2' and 10 yields: and
60
R‘..‘& u u=tan'1(—-L . dr ) 9
¥i-b do r dd
2

o do z Equations 16 and 17 define the face curve of a flexspline

(T) + ( T) tooth profile which will stay in substantial contact with a

65 face of a tooth of a fixed circular spline throughout a

dx,/d6 and dy,/dO are determined by differentiation of Eq. substantial portion of the movement locus of the flexspline
1'by O: provided the profile of the face of the circular spline is
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defined by a circular segment. The remainder of the flexs-

pline tooth profile i.e. the flank profiie is preferably a circular

segment matching the circular spline face segment. A short
transition region is also necessary to join the flank and face

segments and this should be a smooth linear curve or a 5

straight line segment.

Equivalents

Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to specific embodimeats of the invention
described specifically herein. For example, while the inven-
tion has been explained in connection with a simple circular
arc, other arcs, such as, a parabola or an ellipse are
contemplated, in which the equation for an ellipse or
parabola would be substituted for equation 2 above. Such
equivalents are intended to be encompassed in the scope of
the following claims.

We claim:

1. A harmonic drive gearing apparatus for transmitting

rotary motion from an input drive to an output drive,

comprising: :

a circular spline having gear teeth thereon said circular
spline gear teeth having a face profile and a flank
profile;

a flexspline having gear teeth thereon arranged radially
adjacent said circular spline, said flexspline gear teeth
having a face profile and a flank profiie and a transition
region therebetween;

a non-circular wave generator having a major axis and a
minor axis arranged radially adjacent said circular
spline, and adapted to deform said flexspline when
rotated, to generate relative motion between the flexs-
pline and the circular spline; and .

wherein at least a face profiie of the circular spline gear
teeth is defined by an arc segment of known curvature
while a face profile of the flexspline gear teeth is
defined by the equations:

SR ETA [

and
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-continued
and

1 dr
=y mtan [ —— .
h=yyo—Yiand u = tam ( = % )

2. The apparatus of claim 1 wherein the transition region
has a straight line profile.

3. The apparatus of claim 1 wherein the arc segment
curvature is from the group of curves comprising circles,
ellipses, or parabolas.

4. A harmonic drive gearing apparatus for transmitting
rotary motion from an input drive to an output drive,
comprising:

a circular spline having gear teeth thereon said circular
spline gear teeth having a face profile and a flank
profile;

a flexspline having gear teeth thereon arranged radially
adjacent said circular spline, said flexspline gear teeth
having a face profile and a fiank profile;

a wave generator having a major axis and a minor axis
arranged radially adjacent said circular spline, and
adapted to deform said flexspline when rotated, to
generate relative motion between the flexspline and the
circular spline; and

wherein at least a face profile of the circular spline gear
teeth is defined by a circular arc segment while a face
profile of the fiexspline gear teeth is defined by the

equations:

py dxo 2 2

4 d
x= &.l s |+ (T) +( = ) —(o+R)—u-h
and
2 2
dx, dxo dyo

=R m [N\ ) ) J+»
and

h=yo—Y1and u = tan! (__i_ . :114’) ) .
5. The apparatus of claim 4 including a transition region

between the face and flank profile of the flexspline gear
teeth.



